Background {#Sec1}
==========

Numerous epidemiological studies have shown exposure to air pollution closely associated with several adverse health outcomes, such as increased total mortality, cause-specific mortality, hospitalizations, and morbidity of asthma and lung cancer \[[@CR1]--[@CR5]\]. Such effect could be modified by individual-level factors including sex, age, and socioeconomic status (SES) \[[@CR6]--[@CR13]\]. These findings indicate that certain populations may be more vulnerable and susceptible to air pollution than others, but the conclusions are controversial \[[@CR6]\]. Thus, more evidence of those modifiers could provide a solid scientific basis for public policy determination of prevention, and benefit risk assessment and air pollution standard in China.

Sociodemographic characteristics, like sex, age and SES have been identified as important effect modification in the associations between air pollution and mortality. Females were found more susceptible to the effects of air pollution on total mortality than males in some studies \[[@CR11], [@CR13], [@CR14]\], while no evidence was found in others. Although there are inconsistent findings, the populations with specific age ranges were found to have higher risks than others \[[@CR7], [@CR11]\]. Researchers assess SES varies, such as education, occupation, family income savings, etc. \[[@CR15]\]. Some studies found that people with lower SES may bear disproportionate burdens of air pollution on their health status, \[[@CR16]--[@CR19]\]; however, the precise modification effects of SES remains rather unclear \[[@CR6]\]. Given that the differences in sociodemographic factors, and medical and environmental conditions vary in areas, the modifiers of environmental exposure and vulnerable populations could be quite various in different regions \[[@CR11]\]. Nevertheless, few studies have been previously conducted in China, where ambient air pollution has been regarded as the fourth leading risk factor for disability-adjusted life-years (DALYs) \[[@CR20]\].

This study analyzed individual mortality data and daily air pollutant concentration data, including particulate matter \< 10 μm in aerodynamic diameter (PM~10~), sulfur dioxide (SO~2~), and nitrogen dioxide (NO~2~), to assess the modifying effects of sex, age, and education level of individuals on the associations between air pollution and daily mortality. Findings of this study would deepen our understanding of how various groups of populations may be differently influenced by the harm of air pollution, help amendment to the laws on prevention of air pollution, and inform governmental policy-makers of effective ways to conduct interventions.

Methods {#Sec2}
=======

Study population and data sources {#Sec3}
---------------------------------

Residents' mortality data from January 1st 2002 to December 31st 2010 were obtained from the Centre for Disease Control and Prevention (CDC) of Jiang'an District in Wuhan, China. Wuhan is the capital of Hubei province in central China (Fig. [1](#Fig1){ref-type="fig"}), with a total resident population of about 10,220,000 and 8,220,493 registered residents among the total at the end of 2013. Jiang'an, with a total resident population of 926,800 and among which 700,179 registered residents, is considered as the political, economic, cultural and financial center of Wuhan. In addition to higher population density than average in Wuhan (14,427/km^2^ *v.s.* 1203/km^2^), Jiang'an also includes two of nine fixed-site air pollution monitoring stations (Fig. [1](#Fig1){ref-type="fig"}), which allows more accurate measurement of individuals' exposure to air pollution \[[@CR21]\].Fig. 1District map of Wuhan with monitoring station locations. Jiang'an District were included in the present study

During the study period, a total of 36,600 registered non-accidental deaths in Jiang'an District were collected in the dataset. The causes of death during the year of 2002 and 2003--2010 were coded based on the International Classification of Diseases, 9th revision (ICD-9) and 10th revision (ICD-10), respectively. All causes excluding accidental deaths (ICD-9 code \< 800; ICD-10 code A00-R99), cardiovascular diseases (ICD-9 code 390--459; ICD-10 code I00-I99), and respiratory diseases (ICD-9 code 460--519; ICD-10 code J00-J99) were separately extracted. Individual-level covariates in the mortality data included age, sex, and educational level as an indicator of an individual's SES. Educational level was classified as low-education (illiterate and primary school) and high-education (middle school and above).

Daily air pollutant data were obtained from the Wuhan Environmental Monitoring Center, including PM~10,~ SO~2~, and NO~2~. The daily concentrations were averaged from the readings of two monitoring stations in the study area. We collected daily meteorological data on temperature and relative humidity from China Meteorological Data Sharing Service System (<http://data.cma.cn/en>).

Statistical analysis {#Sec4}
--------------------

Poisson Generalized Additive Models (GAMs) were employed to explore the associations between air pollutants and daily mortality. First, the basic models were built for various mortality outcomes excluding the air pollution variables. The partial autocorrelation function was used to guide the selection of degrees of freedom (df) for the time trend. There are two criteria for selecting the best-fitting: the absolute value of the partial autocorrelation \< 0.1 for all 30 days and the smallest sum of the absolute partial autocorrelation values over a 30-day lag period \[[@CR13], [@CR22]\]. We used 3 df for temperature and humidity to control their effects on mortality \[[@CR23]\]. In our study, 5, 5, and 4 df per year for time trend were used in our basic models for total, cardiovascular, and respiratory mortality, respectively. After the basic models were established, we introduced the pollutant variables and analyzed their effects on mortality outcomes. The final model was as follow:$$\documentclass[12pt]{minimal}
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Stratified analyses by sex were separately conducted for non-accidental, cardiovascular and respiratory mortality. We also examined the associations stratified by age, and education for non-accidental mortality. We tested the statistical significance of differences between effect modifier (e.g., the difference between female and male) by calculating the 95% confidence interval (CI) as:$$\documentclass[12pt]{minimal}
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We also examined the lag effects between air pollution and various mortality outcomes with single-day lag models (lag0 to lag7) and multi-day lag models (lag01 to lag07). For example, lag0 denotes the concentration of air pollutants on the present day while lag1 indicated the previous; lag01 in cumulative exposure models denotes the 2-day moving average concentration of air pollutants concentrations on the present day and previous day.

Sensitive analyses were conducted in three ways: a) checking the impact of df selection on the effect size estimate of three pollutants; b) using indicator variables for days with the highest 1% and lowest 1% values of temperature, and for days with the highest 1% values of humidity; c) using air pollution data from one of the two monitoring stations to address possible exposure misclassification.

All analyses were conducted in R software (version 3.1.3), using mgcv packages. The percent changes and 95% confidence intervals (95% CIs) in daily overall (non-accidental) and cause-specific mortality for each 10 μg/m^3^ increase in the concentration of each pollutant were reported.

Results {#Sec5}
=======

Among 36,600 registered non-accidental deaths, the elder (≥ 65 years) and females accounted for 74.7% and 44.6%, respectively. For non-accidental deaths, the age structures of different gender are similar, with \> 70 age group having the highest proportion, males accounting for 43.3% and females 58.0%. The total number of deaths among males in the 65--70 age group was the lowest (23.4%), and in females was \< 65 age groups (19.3%). The non-accidental deaths with low educational level between genders varies greatly, male accounting 59.9%, while female only 36.3%. During the study period (2002--2010), the average daily cardiovascular deaths were 5.15, and the average daily respiratory deaths were 1.10. The average daily concentration was 118.65 μg/m^3^ for PM~10~, 49.26 μg/m^3^ for SO~2~, and 58.32 μg/m^3^ for NO~2~. The mean temperature and relative humidity were 17.88 °C and 71.79%, respectively (Table [1](#Tab1){ref-type="table"}).Table 1Summary statistics of daily deaths, air pollution concentrations and atmosphere variables in Wuhan, China, from 2002 to 2010variablesMean ± SDminP25P50P75maxDaily deaths Deaths causes  Total non-accidental11.13 ± 3.981.008.0011.0014.0034.00  Cardiovascular5.18 ± 2.670.003.005.007.0023.00  Respiratory1.10 ± 1.170.000.001.002.0010.00 Gender  Female6.17 ± 2.760.004.006.008.0018.00  Male4.96 ± 2.460.003.005.006.0021.00 Age   \< 65 years2.83 ± 1.720.002.003.004.0010.00  65\~ 75 years2.68 ± 1.750.001.002.004.0016.00   ≥ 75 years5.63 ± 2.800.004.005.007.0018.00Weather Relative humidity (%)71.79 ± 12.6121.0063.0073.0081.0098.00 Temperature (°C)17.88 ± 9.35−2.709.7019.0025.9035.80Air pollutants concentration (μg/m^3^) PM~10~118.65 ± 62.6710.5072.00108.00152.00600.00 SO~2~49.26 ± 33.601.0025.0041.0065.50260.50 NO~2~58.32 ± 25.3712.0039.2052.8073.60288.00

Concentrations of air pollutants were relatively highly correlated with each other, with Spearman's *r* ranging from 0.62 (between PM~10~ and SO~2~), to 0.73 (between PM~10~ and NO~2~). PM~10~, SO~2~, and NO~2~ concentrations were all negatively correlated with temperature (Table [2](#Tab2){ref-type="table"}).Table 2Spearman correlation analysis between air pollutants and atmosphere variables in 2002--2010PM~10~SO~2~NO~2~TemperatureSO20.62\*NO20.73\*0.69\*Temperature−0.24\*−0.31\*−0.21\*Relative humidity−0.21\*− 0.28\*− 0.24\*− 0.17\*^\*^*p* \< 0.001

Given that most statistically significant associations were observed for lag0 and lag1 with single-day lag models, only the percent change in daily overall (non-accidental) and cause-specific mortality associated with 10 μg/m^3^ increase in air pollutants for lag0, lag1 and lag01 were reported (Table [3](#Tab3){ref-type="table"}). For example, with an increase of 10 μg/m^3^ in 2-day average concentration of PM~10~, SO~2~, and NO~2,~ daily non-accidental mortality increased by 0.29% (95% CI = \[0.06--0.53\]), 1.22% (95% CI = \[0.77--1.67\]), and 1.60% (95% CI = \[1.00--2.19\]) respectively; daily cardiovascular mortality increased by 0.51% (95% CI = \[0.18--0.83\]), 1.32% (95% CI = \[0.69--1.95\]), and 2.22% (95% CI = \[1.37--3.07\]), respectively; and daily respiratory mortality increased by 0.67% (95% CI = \[0--1.34\]), 1.70 (95% CI = \[0.41--3.00\]), and 1.56% (95% CI = \[− 0.25--3.41\]), respectively.Table 3Percent increase (mean and 95% confidence interval) in daily cause-specific mortality associated with a 10-μg/m^3^ increase in air pollutants concentrations by sex at different lag daysPM~10~SO~2~NO~2~Non-accidental lag00.230.02--0.440.930.54--1.321.130.63--1.64 lag10.220.02--0.420.800.42--1.181.130.62--1.63 lag010.290.06--0.531.220.77--1.671.601.00--2.19Male lag00.17−0.1-0.440.35^a^−0.17-0.860.930.27--1.60 lag10.340.08--0.600.600.11--1.101.290.63--1.95 lag010.320.03--0.620.65^a^0.06--1.241.540.77--2.31Female lag00.340.04--0.651.74^a^1.18--2.301.440.71--2.18 lag10.06−0.24-0.361.170.62--1.720.980.24--1.72 lag010.25−0.10-0.592.03^a^1.38--2.671.690.83--2.56Cardiovascular lag00.410.11--0.700.960.42--1.511.520.80--2.24 lag10.400.12--0.690.970.44--1.501.690.97--2.42 lag010.510.18--0.831.320.69--1.952.221.37--3.07Male lag00.480.09--0.880.23^a^−0.53-0.991.440.47--2.43 lag10.690.31--1.080.890.16--1.622.051.07--3.03 lag010.760.32--1.200.77^a^−0.09-1.642.431.29--3.57Female lag00.500.08--0.921.91^a^1.15-2.681.910.89--2.94 lag10.23−0.18-0.651.310.55--2.061.680.65--2.72 lag010.46−0.01-0.922.19^a^1.31--3.082.471.27--3.68Respiratory lag00.48−0.13-1.091.170.06--2.300.99−0.54-2.55 lag10.590.00--1.191.360.27--2.461.38−0.17-2.95 lag010.670.00--1.341.700.41--3.001.56−0.25-3.41Male lag00.47−0.29-1.250.62−0.79-2.05−0.02^a^−1.96-1.95 lag11.080.34--1.810.99−0.39-2.391.41−0.54-3.39 lag010.990.15--1.831.06−0.56-2.710.85−1.41-3.17Female lag00.86−0.09-1.832.650.90--4.443.34^a^0.94--5.80 lag10.17−0.78-1.132.530.82--4.282.18−0.26-4.68 lag010.62−0.45-1.693.541.52--5.603.840.99--6.78^a^there were significant difference between males and females

Effect estimates of air pollutants on daily all-type mortality involved in our study also varied by gender (Table [3](#Tab3){ref-type="table"}). Significant differences were observed between males and females in non-accidental and cardiovascular mortality for SO~2~, and in respiratory mortality for NO~2~. Observed effect estimates of SO~2~ at lag01 were approximately 5--6 times higher among females than males. The effect estimates of SO~2~ on non-accidental were 2.03 (95%CI = \[1.38--2.67\]) for females and 0.65 (95%CI = \[0.06--1.24\]) for males; it was 3 times higher on cardiovascular mortality for females and males, and the effect estimates were 2.19 (95%CI = \[1.31--3.08\]) and 0.77 (95%CI = \[− 0.09--1.64\]), respectively. Effect estimates of NO~2~ at lag01 were approximately 4 times greater among females in respiratory mortality and the effect estimates were 0.85 (95%CI = \[− 1.41--3.17\]) and 3.84 (95%CI = \[0.99--6.78\]), respectively.

In addition to gender, age is also considered as an effect modifier in association between air pollution and mortality. So, we estimated age-specific and sex-specific effects of three air pollutants on non-accidental mortality (Fig. [2](#Fig2){ref-type="fig"}). Effect estimate of PM~10~ in people aged 65--75 years was slightly higher than it in other age categories. When being stratified by sex, the confidence intervals became wider and some of them became not statistically significant anymore, and the highest estimate occurred in females aged 65--75 years. In the case of SO~2~ and NO~2,~ effect estimates were similar and significant among all age subgroups. The estimates were higher in females compared with males for SO~2~, especially in age group \< 65 years.Fig. 2Effect estimates of age categories and age categories for each sex on non-accidental mortality at lag0, lag1, and lag01 for three pollutants

Our finding showed that the low education group had higher effect estimates than the high education group for PM~10~ and SO~2~, but the differences were not significant (Fig. [3](#Fig3){ref-type="fig"}). After stratification by sex, the highest estimates were consistently observed in females of low education group. The effect estimates were 0.46% (95%CI = − 0.09--1.01) for PM~10~, 3.10% (95%CI = 2.05--4.16) for SO~2~ and 2.27% (95%CI = 0.90--3.65) for NO~2~ at lag01, respectively.Fig. 3Effect estimates of education categories and education categories for each sex on non-accidental mortality at lag0, lag1, and lag01 for three pollutants

Discussion {#Sec6}
==========

We explored the influences of three air pollutants on health effect on different populations in Wuhan, China. Our findings shed light on significant associations between air pollution and daily non-accidental mortality modified by individual factors, especially by gender. Adverse effects of short-term exposure to air pollution generally occurred faster among females than males. Specifically, effects of SO~2~ on non-accidental, cardiovascular, and respiratory mortality and effects of NO~2~ on respiratory mortality were stronger among females than males. Lower education might intensify the adverse effect of air pollution.

In our study, the health effect estimates of three air pollutants were close at lag0 and lag1 on all research mortality. Previous related studies in Asia suggested the highest estimates of a single day occurred on the present day (lag 0) or previous day (lag 1) for nature mortality, whereas on lag 2 for respiratory mortality \[[@CR24]--[@CR26]\]. Stratified by sex, the acute effect of air pollutants (PM~10~, SO~2~, and NO~2~) was observed to be faster in females than in males, for the highest effects occurred on current day in females and on the previous day in males (Table [3](#Tab3){ref-type="table"}). The results are similar even after stratified by age and education for both genders (Fig. [2](#Fig2){ref-type="fig"}; Fig. [3](#Fig3){ref-type="fig"}). It suggested that females were more vulnerable to air pollution, not only reflected in the effect estimates, but also in the lag times. More specifically, for both genders, per 10 μg/m^3^ increase of PM~10~ was associated with an increase of 0.23%, 0.22% at lag 0 and lag 1 in non-accidental mortality, respectively. The corresponding values are 0.17% and 0.34% for males, whereas 0.34% and 0.06% for females at lag 0 and lag 1. The results indicated that different single-day lag effects varied by sex might underestimate the health effects of air pollution in single-day lag models \[[@CR27]\].

Females had higher risk estimates of SO~2~ on non-accidental, cardiovascular, and respiratory mortality than males. This is consistent with the majority of previous findings that a slightly higher effect of SO~2~ was found in females than males on the overall mortality \[[@CR13], [@CR28]\]. SO~2~ is an acknowledged respiratory irritant and could lead to bronchoconstriction, which would increase airway resistance. SO~2~ partly converts through chemical reactions to sulfate particles, which is an important component of PM~2.5~ \[[@CR29]\]. The concentration of SO~4~^2−^ in the PM~2.5~ was found positively associated with daily mortality and hospitalization \[[@CR30]--[@CR32]\]. Moreover, deposition of particles in the lung varies by gender, with greater lung deposition of fine particulate matter in a range of particle sizes for females \[[@CR33]\].

Our study also found higher effects of NO~2~ on respiratory mortality in females than in males, with per 10 μg/m^3^ increase associated with a 3.84% increase in respiratory mortality for females. Both short-term and long-term exposure to NO~2~ could affect human health \[[@CR3], [@CR34]\]. NO~2~ is a gaseous pollutant which contributes to respiratory inflammation infections and symptoms \[[@CR35]\]. People suffering from respiratory diseases, like asthma, are very sensitive to NO~2~ at high concentrations \[[@CR36]\]. The females with respiratory diseases are more likely to be influenced by NO~2~, who have greater airway reactivity than males \[[@CR37]\].

Physiological differences between genders might be a possible explanation for different susceptibilities. Compared to males, females have relatively smaller lung size, narrower airways and greater airway reactivity \[[@CR37]\], and thus have more deposition of particles deposition \[[@CR38]\] and more gas absorption \[[@CR39]\]. Additionally, smoking rate is lower among females than males in China, while it was pointed that non-smokers could be more susceptible to air pollution than smokers \[[@CR40]\].

Apart from the physiological differences, social differences between genders (e.g., self-representation, socially derived activities and roles) lead to various activity patterns and locations, thereby shaping exposure distribution \[[@CR41]\]. Furthermore, these differences influence the health effect assessment in air pollution epidemiology studies. Nevertheless, the true factors between males and females could not be fully identified by time-series analysis. Thus, more accuracy exposure assessment and better study design should be done for gender analysis in air pollution epidemiology.

In our study, people aged 65--75 years were at a slightly higher risk of PM~10~ for non-accidental mortality than other age groups, which was consistent with a study in Korea \[[@CR11]\]. Also, a systematic review and meta-analysis of susceptibility to health risks associated with particulate matter reported evidence that the elderly (≥65 years) experience higher risk \[[@CR6]\]. However, high risk population was identified of much older age groups in other studies. Zeka et al. found that those older than 75 years were at higher risk than younger age groups, and the difference was statistically significant in 20 cities of Units States. A study in Canada reported effect modification by age, and the age group of at least 85 years were at highest risk \[[@CR7]\]. Regarding our finding, one possible explanation is healthy survivor effect \[[@CR11]\]. Many ill persons have already died when individuals came to their 70s, so the surviving older population was not that susceptible and healthy enough to reach later ages.

As an indicator of SES, education level has often been used in time-series studies \[[@CR12]\]. In present study, we examined susceptibilities to air pollution stratified by education and found higher effects were observed in the lower education category for non-accidental mortality, though the differences were insignificant. Low SES may increase vulnerability to air pollution in several pathways, such as limited access to health care, poor nutrition, higher possibilities to live in poor housing conditions without air conditioning and living closer to busy roadways \[[@CR11]\]. Sex is also commonly used as a predictor of SES \[[@CR12]\]. Some studies pointed out that women's lower average s education may confound gender and SES in China \[[@CR13]\]. In our study, extremely high effect estimate (3.10%, 95%CI = 2.05--4.16) was found for females receiving low education on non-accidental mortality with per 10 μg/m^3^ increase in SO~2~. SES is also related to many other factors such as housing type, the air conditioning system at the residence, and history of socioeconomic conditions \[[@CR11]\]. Thus, further studies are needed to investigate the overall effects of SES as effect modifiers of air pollution-mortality associations.

Big cities in China have a large proportion of internal migrants, which can affect the precision of the mortality data. Besides, a large geographical study area with relatively heterogeneous populations in time-series studies may increase the exposure misclassification \[[@CR25], [@CR42]--[@CR44]\]. All of above issues might lead to bias of risk estimates of air pollution. Therefore, in this study, we focused on a relatively small area and a stable, homogeneous population to reduce the bias.

The limitations of our analysis should be taken into consideration. Similar with previous air pollution mortality studies \[[@CR45], [@CR46]\], we used average concentration of air pollutants from two monitor stations to represent the actual individual exposures. Exposure measurement error was regarded as a major limitation in our study, due to the nature of the ecological studies. The personal mobility and time-activity patterns may also affect the exposure measurement, especially in a relatively small study area in our study. However, given that the study population was permanent residents, most of whom living and working in the same area, the misclassification of exposure was acceptable. Besides, we used a relatively long study period, so the small chance of deaths due to cause-specific diseases may limit the ability to detect tenuous differences in potential effect modifiers but would not substantially affect our main findings.

Conclusion {#Sec7}
==========

In summary, we found that ambient air pollution was associated with daily non-accidental and cardiovascular mortality in Wuhan during 2002 to 2010. Furthermore, our results suggested that females and people with low-education were more vulnerable to air pollution. These findings provide information on vulnerable subpopulations, which would help make protective measures and air pollutant standard in China.
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